Abstract-Here we review the application of modern spectral methods for the study of G-protein-coupled receptors (GPCRs) using rhodopsin as a prototype. Because X-ray analysis gives us immobile snapshots of protein conformations, it is imperative to apply spectroscopic methods for elucidating their function: vibrational (Raman, FTIR), electronic (UV-visible absorption, fluorescence) spectroscopies, and magnetic resonance (electron paramagnetic resonance, EPR), and nuclear magnetic resonance (NMR). In the first of the two companion articles, we discuss the application of optical spectroscopy for studying rhodopsin in a membrane environment. Information is obtained regarding the time-ordered sequence of events in rhodopsin activation. Isomerization of the chromophore and deprotonation of the retinal Schiff base leads to a structural change of the protein involving the motion of helices H5 and H6 in a pH-dependent process. Information is obtained that is unavailable from X-ray crystallography, which can be combined with spectroscopic studies to achieve a more complete understanding of GPCR function.
INTRODUCTION
Membrane proteins (proteins embedded into the cell membrane or organelle membrane or attached to it) account for about a quarter of all proteins [1] . The most detailed information on protein structure can be obtained by studying their three-dimensional crystals by X-ray diffraction [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However integral membrane proteins are very difficult to crystallize-being removed from their natural lipid environment, nonpolar parts of protein molecules tend to form disordered aggregates unsuitable for X-ray analysis. Recently, significant advances have been achieved in crystallizing G-protein-coupled receptors (GPCRs) for crystallographic studies by modifying their amino acid sequence [8, 14] , and/or by adding small molecules [9, 14] that increase their thermo-and conformational stability and facilitate crystallization. However, at this point only few dozens of 3D structures of GPCRs in different states have been studied out of more than 800 [15] . Thus the application of spectral methods for membrane protein studies is of special interest.
In the present article we review the opportunities provided by modern spectroscopic methods in membrane protein studies using rhodopsin as an example. Rhodopsin (the scotopic vision protein) is a representative of a large family of G-protein-coupled receptors responsible for transmitting the signal through the cell membrane [16, 17] . We show how different spectral methods (Raman [18] , FTIR [19] spectroscopies, ESR [20] [21] [22] , NMR [23] [24] [25] [26] [27] [28] [29] ) may provide information on the structure, dynamics, and intramolecular interactions in GPCRs, which is important for understanding their functioning and complementing the results of crystallographic studies.
ELECTRONIC SPECTROSCOPY
Electronic spectroscopy is a very sensitive and convenient method which allows one to measure the absorption, transmission, and reflectance spectra. Usually absorption spectra are diffuse in nature, which limits their use to substances having a chromophoric group (aromatic rings, conjugated systems having multiple bonds, and so on). These spectra allow one to determine the presence of certain groups in the molecule, to study the influence of substituents on the electronic spectra, structure of molecules, tautomerism, and other transformations. In this regard, rhodopsin has the advantage that its ligand is a covalently linked chromophore (retinal). As a consequence, it has been possible to apply this method for characterization of states of the retinal ligand and receptor as a whole, including the short-lived states, with the use of spec- troscopy having pico-and femtosecond resolution [30] [31] [32] . Figure 1 shows the characteristic absorption spectra of rhodopsin in various states in the UV and visible regions [19] . At high temperatures and in acidic conditions (20°C, pH 5.0), following the photoisomerization of retinal, rhodopsin is converted to the active metarhodopsin II b H + state, while at low temperatures and in an alkaline environment (10°C, pH 9.5) it is transformed into the inactive metarhodopsin I state. In Reference [33] photoreaction of rhodopsin regenerated with three different 9-cis retinal analogs (isorhodopsin), modified at or in the vicinity of the β-ionone ring, have been investigated. Results obtained by absorption and FTIR spectroscopy showed the formation of photoproducts such as BSI (blue-shifted intermediate), Lumi, and Meta I for all pigments, and also formation of the photointermediates similar to the active Meta II for 5,6-epoxy-ISO and 7,7-diH-ISO pigments, with respectively 81 and 65% of activity in the membrane. However, the diethyl-acyclicic-isopigment did not form the active state (18% of activity in the membrane), which confirms the importance of the β-ionone ring of the retinal to form the active state of the receptor.
RAMAN SPECTROSCOPY AND INFRARED SPECTROSCOPY
These spectral methods can be used to study the secondary structure of proteins. The vibrational spectrum of the polypeptide backbone depends on the type of secondary structure and provides information about the content in a molecule of α-and β-structures [34] . These methods can be applied to the dried films, aqueous suspensions of membranes, and purified proteins.
Information on the structure of the protein from Raman spectroscopy can be obtained by the simulation of the molecular vibrations whose frequencies depend on the structure of the molecule. The application of modern stimulated Raman spectroscopy with femtosecond resolution allows studying short-lived states (such as photorhodopsin, which is impossible to trap even at very low temperatures). In the paper of Kukura et al. [18] , Raman spectra of rhodopsin were recorded in the process of its transformation into bathorhodopsin. The most notable changes were observed in the spectral region corresponding to the hydrogen-out-of-plane wagging motions (HOOP modes) of the retinal polyene chain. The torsion angles H-C-C-H for the C8-C14 region of the polyene chain for photorhodopsin and bathorhodopsin were estimated using vibrational modeling. The 
